In this study, a novel single-phase grid-connected microinverter system and its control applications are introduced for solar energy systems. The proposed system consists of two stages to transfer solar power to the grid. In the first stage, an isolated high-gain DC/DC converter is used to increase low solar panel output voltage. In the second stage, an inverter is used to supply a sinusoidal current to the grid. Moreover, a proportional resonant controller is adopted to reduce grid current total harmonic distortions (THDs) and an LCL filter is used to provide better harmonic attenuation. However, the ratio between the sampling frequency fs and the resonance frequency fres should be greater than 6 in the LCL filter with the inverter current feedback for a stable system. In order to obtain higher phase margins, the sampling frequency should be increased, which increases the inverter switching frequency. The present study shows that fs/fres can be lower than 6 by placing a phase delay on the inverter current feedback path to guarantee adequate stability margins. The effectiveness and feasibility of the proposed method are confirmed by the experimental test results based on a 300-W laboratory prototype.
Introduction
Nowadays, the importance of renewable energy sources such as solar, wind, and fuel cells has been increasing with the decrease in traditional energy resources [1] . Solar energy from these energy sources is preferred in grid-connected systems due to its decreasing costs over time. Particularly, the AC module known as a module integrated microinverter has become a future trend for photovoltaic (PV) inverter systems. In this system, each PV module has its own maximum power point tracking (MPPT). Therefore, MPPT efficiency can be high [2] . AC module topologies have been classified as nonisolated [3] and isolated [4] [5] [6] [7] [8] [9] [10] [11] [12] . Although a grid frequency transformer can provide galvanic isolation between the grid and the PV panel, it is not preferred due to being heavy and bulky [4] . The AC module is supplied by a low-voltage PV panel. Thus, a high frequency transformer is used to provide both voltage gain and galvanic isolation [5] [6] [7] [8] . Inverter topologies with a high frequency transformer can be classified into two major categories. In the first configuration, a DC/DC converter produces a rectified sinusoidal waveform [5, 6] . Although the switches in the inverter stage operate at grid frequency, the ripple frequency of the PV panel output voltage is twice the grid frequency. This decreases the MPPT efficiency. By contrast, the second configuration has a DC/DC converter to boost the low PV voltage in the first stage and an inverter to inject sinusoidal current to the grid in the second stage [7, 8] . A DC link * Correspondence: fatihevran@duzce.edu.tr between the converter and the inverter is used to reject the double-grid frequency power ripple reflected from the grid and so MPPT efficiency can be higher. Furthermore, this configuration has a simple control scheme to meet the grid current regulation requirement.
The inverter is an important interface between the PV panel and the grid. Thus, a filter is required to reduce the pulse width modulation (PWM) switching harmonic attenuation and to meet standards [9] .
Compared with an L filter, the LCL filter has a very low inductance requirement and provides better attenuation at lower frequencies [10] . However, the main disadvantage of the LCL filter is a resonance issue causing closed loop system instability. To damp this issue, passive [11] and active damping methods [12] [13] [14] [15] have been proposed in the literature. Passive damping is realized by adding a resistor in series or in parallel with components of the filter. However, these added resistors decrease both system efficiency and filter effectiveness. The active damping method damps the resonance by using a digital control algorithm such as weighted-feedback current [12] , filter-based [13] , the capacitor voltage feedback [14] , and virtual resistor method [15] . In the weightedfeedback current, the robustness is closely related to the filter parameters. In addition, other methods cannot reject the grid disturbance to the grid current.
In a digitally controlled PWM inverter using inverter-side current feedback, the resonant poles of the LCL filter can force the stability of the entire system [16] . Therefore, the stability of the LCL filter is dependent on the ratio between f s and f res . In digital control systems, there are two significant delays that affect the stability of the system, namely the computation delay of the digital signal processor (DSP) and the modulation delay of the zero-order hold (ZOH).
A time delay of 1.5 T s (T s = 1/ f s is the sampling period with f s being the sampling frequency) is considered in the control loop [17] . It has been reported that the ratio between f s and f res should be higher than 6 [17] [18] [19] . It should also be noted that f s /f res should be high for high-bandwidth control of the current loop. In addition, the classic controllers having finite gain cannot eliminate the steady-state tracking error.
In order to overcome this problem, proportional resonant current controller (PRCC) techniques have been successfully investigated and validated [18, 19] . In the present paper, a two-stage inverter will be adopted in terms of the grid current quality and steady-state error of the output voltage. In the first stage, a high-gain DC/DC converter is used to increase low PV panel output voltage. The main features of the DC/DC converter are the continuous input current and electrical insulation. In the second stage, a full-bridge inverter is used to inject a sinusoidal current into the grid. Moreover, an LCL filter is used to provide better harmonic attenuation.
By placing a phase delay on the inverter current feedback path, f s / f res can be lower than 6 even under wide variation in grid inductance. Therefore, higher phase margins can be obtained at lower f s / f res . In addition, the PR current controller is adopted to obtain a low THD. This paper is organized as follows: Section 2 includes a description of the system. Section 3 presents the system modeling and stability analysis. The design process is given in Section 4. The experimental results are given in Section 5 to verify the adopted method. Conclusions are finally drawn in Section 6. Figure 1 depicts the proposed topology. It includes two power stages. In the first stage, a high step-up Z-source DC/DC converter regulating DC link voltage and performing the MPPT is used to boost the low PV voltage to the appropriate value. In the second stage, the full bridge inverter supplies sinusoidal current with a unity power factor to the grid through the LCL filter ( L 1 , L 2 , and C) . A sinusoidal PWM control (SPWM) is used in the inverter stage consisting of power switches S 1 − S 4 and their antiparallel diodes. A completely digital approach is applied to control the system shown in Figure 2 . To calculate the instantaneous PV power, the PV power variation ∆P pv , the PV voltage variation ∆v pv , the PV voltage v pv , and the PV current i pv are sensed.
Operation principle of the system
MPPT is an algorithm technique that extracts maximum PV panel power under variable weather conditions. Its output generates v * pv for the PV voltage regulation. The perturb and observe (P&O) algorithm technique is selected as the MPPT method [20] . The instantaneous sinusoidal angle θ g extracted by the phase lock loop (PLL) circuit is used to monitor the grid voltage v g so that the phase and frequency of the grid current can be synchronized with the grid voltage. For the DC-link voltage regulation, the output voltage of the converter ( v o ) is sensed. The inverter current i inv is sent to the phase delay function via the digital low pass filter. Then the filtered inverter current i ′ inv is fed back into the PRCC for the inverter current regulation. The grid current and the DC-link voltage references are denoted by i ref and v * o . A current reference feed-forward is added to achieve fast dynamic responses of the grid current. The magnitude of the current reference feed-forward |i inv | f f and the magnitude of the grid voltage |v g | are given by
The practical implementation of a step-up converter is guided by [8] and so the design processes of the converter will not be discussed in the present paper. the disturbance function G dis (s) are given by
Modeling of an LCL-type inverter with inverter current feedback and stability analysis
where the resonance angular frequency ω res and antiresonance angular frequency ω r of the LCL filter can be expressed as follows:
with L g being the grid inductance. G d1 (s) represents the computation delay, which is one sampling period.
G d2 (s) is the phase delay function to guarantee the stability of system, which is expressed as follows:
where n is the required delay coefficient. The modulation delay with half sampling period is given as
G d (s)represents the transfer functions of the sampler, the computation delay, and the modulation delay, which is given as
Based on the equivalent model in Figure 3a , the inverter current i inv can be derived as Here the open-loop function T (s) can be expressed as
The equivalent series resistors (ESRs) are omitted to obtain the worst case. Eq. (11) shows that the currentsi g1
and i g2 are dependent on i ref and v g , respectively.
The control diagram in the z-domain is shown in Figure 3b . For the digital implementation, the ZOH equivalent
where L t is the total inductance formed by the inductances L 1 , L 2 , and L g . With the proportional gain k p and the resonance gain k i , the PR current controller G c (s) defined in (13) is adjusted to three times the grid angular frequency ω o since the magnitudes of T (s) at fundamental and 3rd harmonic frequencies minimize the steady-state tracking error more than they do at other harmonic frequencies.
By applying the prewarped bilinear (Tustin) transformation to (13) , G c (z) is given by
Moreover, the digital low-pass filter H(z) with the cutoff frequency of 5.0 kHz is given by
Based on the control diagram in Figure 3b , the open-loop function in the z-domain can be established as
If G c (z) is properly designed, the phase lag caused by G c (z) is ignored at the crossover frequency ω c . In this case, G c (z) can be simplified as k p . Thus, substituting |G c (z)| ≈ k p into (16) leads to
The Bode plot and Nyquist stability criterion will be examined for the stability of the open-loop system. In the Bode diagram of T (z) , in the frequency ranges where the gain is greater than 0 dB, the phase curve that crosses ± (2k + 1) π (k is an integer) is divided into two classes as positive crossing and negative crossing.
The crossing of the phase curve from down to up is called the positive crossing, while the crossing of the phase curve from up to down is called the negative crossing. According to the Nyquist stability criterion, the system is stable when P equals 2( N + − N − ), where P is the number of open-loop unstable poles, N + is the number of positive crossings, and N − is the number of negative crossings. As can be seen from (12), (14) , and (15), there are no unstable loop gain poles ( P = 0). Therefore, N + − N − = 0 is required. Figure 4 shows the Bode diagrams of T (z) with several different phase delays for the system parameters given in Table 1 case 1. When n = 0, there is a negative -180 • crossing at resonance frequency ( f res ) where the gain is above 0 dB. Thus, when P = 0, N + =0, and N − = 1, the system is unstable. As the time delay of 1.5 T s cannot be decreased, the value of n should be increased to stabilize the system. When n = 1, there is no negative -180 • crossing in the frequency ranges where the gain is above 0 dB. When n = 2, there is no negative -180 • crossing, which indicates a stable system. If n is too high ( n = 3), a negative -540 • crossing is generated at f res . This means that the system is unstable again. This analysis clearly identifies that phase delay of a digital low-pass filter significantly affects system stability. Hence, to avoid ± (2k + 1) π crossing at f res , the following condition should be satisfied:
where θ b and θ a are the phases before and after the phase jump at f res , respectively. As seen from Figure 4 , the phase of the LCL filter is similar to the phase of the series inductance L t until the resonance frequency [19] .
Thus, the open-loop transfer function reduces to
From (19), the phases θ b and θ a can be calculated as (20) is composed of π /2, ω res T s /2, ω res T s , ω res T s /2, and nω res T s phase delays. These phase delays are caused by the filter inductor, the modulation delay, the computation delay, the low-pass filter, and the phase delay function, respectively. Substituting the phases θ b and θ a in (20) into (18),n falls into the following range: To investigate the controllability of the system, the closed loop root loci results are shown in Figure 5 for four different n values. If n is outside the stability range determined by (21) as shown in Figures 5a and  5d , the system will be unstable since the resonant pole pairs always move outside the unit circle. When n = 1, they are very close to the boundary of the unit circle in Figure 5b . However, the instability rises. As seen from Figure 5c , the poles are pushed well inside the unit circle when n = 2. Hence, the system is stable depending on the value of k p and reasonable stability margins can be obtained. Consequently, these root loci outputs match well with the stability condition.
Design process

Application of the grid admittance compensator
The greater the value of the inverter output impedance Z o = v g (s)/ i g2 (s) in the whole frequency range, the stronger the rejection of grid voltage disturbances [21] . The inverter output impedance tends to be infinitive if the compensator transfer function H f f (s) makes the current i g2 in (11) zero, which gives
Therefore, it is possible to approximate e s1.5T s = 1 and 1/(s 2 (L 2 +L g )C) << 1 because the effect of the transfer functions e s1.5T s and 1/(s 2 (L 2 + L g )C+1) on the gain of the compensator transfer function is negligible until the resonance frequency. Thus, by neglecting the second-order differentiator and phase lead blocks in (22), H f f (s) can be simplified as follows:
The selection of n
Substituting the parameters given in Table 1 case 1 into (21), n is selected as 2.
The design of the current controller
At the crossover frequency ω c , the predetermined phase margin θ should be greater than the desired phase margin φ because G c (z) reduces the phase of T (z) by several degrees. Hence, by ignoring the phase reduction caused by G c (z) , θ can be obtained from (19) as
The corresponding crossover frequency ω c can be obtained from (24) as
For a phase margin of θ = 48 • , the crossover frequency ω c can be found as 3666 rad/s from (25). At the crossover frequency, open-loop gain is 1, which gives
Substituting ω c T s ≈ 0.1833 and the parameters given in Table 1 The phase lag caused by G c (z) at the crossover frequency will be
Finally, k i can be calculated for φ =45 • as
The final open-loop Bode diagram of T (z) is shown in Figure 6 . As can be seen from the figure, the measured phase margin is 45.3 • and close to the desired one. Thus, the design is appropriate. 
Experimental results
A prototype of 300 W was constructed to verify the proposed the whole system shown in Figure 1 . The parameters of the prototype are given in Table 1 . given in Table 2 . In addition, a programmable AC source (Chroma 6590) is used to simulate real-world grid distortion. Using the system parameters given in Table 1 case 1 at full load condition to verify the PR current controller performance, the steady state grid voltage and grid current waveforms are shown in Figure 7 , where 3rd, 5th, 7th, 9th, 11th, and 13th harmonics are added to the grid voltage. The amplitudes and phases of the added harmonics are 4%, 4%, 4%, 2%, 2%, and 2% of the grid voltage fundamental amplitude and 0 • , 45 • , 0 • , 0 • , 0 • , and 0 • , respectively. Furthermore, the measured THD of the grid voltage is 7.74%. In Figure 7a , the grid current THD is 11.68% when H f f = 0. It is clear that the admittance compensator is needed to reduce harmonic distortion of the grid current. As can be seen from Figure 7b , when the admittance compensator is added to the current loop, the current controller ensures that the grid current is perfectly sinusoidal. The measured THD of grid current is 0.87% and the power factor (PF) is 0.993. The waveforms of grid and inverter currents are shown in Figure 8 under step change in load for two different values of L g . As can be seen from the figures, the step change in the grid current reference occurs at the peak value of the grid current reference to indicate the worst case. In Figure 8a , the grid current rapidly follows the grid current reference with small oscillations and the robustness was successfully verified when L g = 0. As seen from Figure 8b , although the increase in L g reduces the oscillation in the grid current, it causes the transient response to be slower. At full-load condition, the transient waveform is shown in Figure 9a when n jumps from 2 to 3. A trigger signal is used to observe a change in n . As can be seen from the figure, the system is stable without resonance for n = 2 before the trigger signal is applied. When n = 3 at the rising edge of the trigger signal, a large resonance current occurs due to the instability of the system. Thus, the inverter is finally shut down after about half a fundamental period. The transient waveform is shown in Figure 9b when the grid current steps from full load to half load. According to Section 4 to achieve a phase margin of 45 • , by selecting n = 7 for case 2 in Table 2 , k p and k i are set as 0.0693 and 2.8144, respectively. At the rising edge of the trigger signal, n changes from 7 to 0 when the grid current steps from full load to half load. As can be seen from the figure, the oscillation in the grid current implies that the system is slightly stable. To increase the stability of the system, the sampling frequency should be increased or the phase delay function should be added. The experimental results verify the analytical findings. In Figure 10a , the PV panel power drops from 300 to 150 W when the irradiance level changes from 1000 W/m 2 to 500 W/m 2 . It can be seen that the MPPT algorithm tracks the maximum available power of the PV module and the DC-link voltage regulator keeps the bus voltage constant. Finally, the conversion efficiency of the proposed system is summarized in Figure 10b . It is measured for the different PV voltages and a variety of load power levels. When the input voltage is 25 V, the efficiency at full load is 91.6%. The efficiency of 92.3% is achieved at full load when the input voltage is increased to 32 V. 
Conclusions
In the present study, a novel single-phase grid-connected microinverter system and its control applications are presented for solar energy systems. To improve the stability of an LCL-type single-phase grid-connected inverter with inverter current feedback, the phase delay method is adopted in this paper. The adopted method allows f s / f res to be lower than 6 even in large grid inductance to obtain higher phase margins. A detailed analysis is then presented for the current controller to obtain a high power factor and minimize current harmonic distortions. Moreover, the adopted system regulates the grid current precisely and stiffly. The experimental results show that the adopted control method not only increases the system stability but also leads to a high power factor ( >0.9), a reasonably low THD, and fast dynamic response under various load conditions. 
